Abstract. Cryopreservation of testicular tissue is a new option in fertility preservation for prepubertal male animals. The purpose of this study was to explore the effects of different cryoprotectant agents (CPAs) at various concentrations on testes after the cryopreservation of calf testicular tissue. These experiments selected dimethyl sulfoxide (DMSO), glycerol, propylene glycol (PrOH), and sucrose as CPAs in varying doses (2.5, 5, 7.5, 10, 12.5, 15, 17.5, and 20 %; v/v) in 8-month-old calf testicular tissue that was frozen and preserved. Then, cell viability, testosterone production, malondialdehyde (MDA) level, and superoxide dismutase (SOD) level were detected and analyzed following cryopreservation. The results showed that the optimal concentrations of DMSO, PrOH, glycerol, and sucrose were 10, 10, 7.5, and 10 %, respectively. Compared to the optimal concentrations of CPAs, cell viability and testosterone production decreased significantly at a lower and higher CPA concentration (P <0.05). At the optimal concentrations of CPAs, the DMSO group showed higher cell viability and testosterone production than other CPA groups (P <0.05). Compared to the optimal concentration of CPAs, the MDA level increased and the SOD level decreased at a lower or higher concentration of CPAs, but there was no significant difference (P >0.05). Cell viability was significantly positively correlated with testosterone production (P <0.05). In conclusion, DMSO provided the most effective protection for calf testicular tissue cryopreservation and the optimal concentration was 10 %.
Introduction
Currently, the conventional method of the effective preservation of superior livestock breeds and the protection of endangered animal species is the cryopreservation of spermatozoa or reproductive cells. However, the process of cell cryopreservation cannot save testicular tissue cells at all periods, and it may easily cause adverse effects (such as cancer cells) which damage normal cells. Testicular tissue cryopreservation can avoid mechanical damage in the process of cell digestion and reduce the phenomenon of cell hypoxia. This makes the preservation of animal species more efficient (Honaramooz, 2012) . By cryopreservation of the collected testis tissues, male fertility could be preserved in the long term and used for further assisted reproduction (Kishikawa et al., 1999; Martinez et al., 2008) . The preservation of sperm is not an option for young livestock prior to reaching sexual maturity, but cryopreservation of testis tissue is an emerging fertility preservation strategy before male sexual maturity (Hovatta, 2001; Verheyen et al., 2004; Gosden, 2011) .
Although cryopreservation can prolong the survival time of cells or tissues, cryopreservation can produce a large number of reactive oxygen species (ROS) which cause lipid peroxidation (Farias et al., 2010 ) and lead to cell damage and a decrease in cell viability. Malondialdehyde (MDA) is a decomposition product of lipid peroxidation of the cell membrane. The content of MDA reflects the content of free radicals in the body, and it embodies the degree to which the body is damaged by free radicals (Tatsumi et al., 1997) . Superoxide dismutase (SOD), a cellular antioxidant enzyme, plays a key role in the removal of oxygen free radicals in the body and protects cells from damage. The activity of SOD can reflect the ability to remove oxygen free radicals in the body (Chen et al., 2009) .
In an animal's body, more than 95 % of testosterone is synthesized and secreted by the Leydig cells. The intact mor-phology of Leydig cells and the testicular microhabitat have an important impact on the testosterone level. In healthy male livestock, the synthesis and secretion of testosterone, adjusted by the hypothalamus-pituitary-gonadal axis, leads to stable testosterone levels. In the process of testicular tissue cryopreservation, in vitro procedures and freezing injury can lead directly to mechanical injury to testicular tissue. Testicular tissue is exposed to air, causing oxidative stress, resulting in Leydig cell damage (Cao et al., 2004) , and leading to a decrease in the synthesis and secretion of testosterone. After the cryopreservation of testicular tissue, detecting the content of testosterone can be used to evaluate the survival of the tissue (Keros et al., 2007; Curaba et al., 2011; Gouk et al., 2011) .
In order to decrease freezing injuries and increase cell viability, cryoprotectant agents (CPAs) have been widely used during the freezing process. CPAs can be divided into two types: permeating and nonpermeating. Dimethyl sulfoxide (DMSO), glycerol, and propylene glycol (PrOH) are permeating CPAs, and sucrose is a nonpermeating CPA. Keros et al. (2005) compared the DMSO and sucrose regarding their testicular tissue cryopreservation effect and showed that 10 % DMSO had the best protection effect and 6 % sucrose had the worst protection effect. DMSO has been found to be a more suitable CPA than ethylene glycol (EG) for immature mouse and rat testis tissue (Goossens et al., 2008; Jezek et al., 2001) . Yildiz et al. (2013) indicated that neonatal mouse testes in DMSO had a higher rate of tissue survival than in PrOH and glycerol after graft.
The cryopreservation of testicular tissue has been reported in humans (Hovatta, 2001; Jahnukainen et al., 2007) , mice (Goossens et al., 2008; Milazzo et al., 2008) , and swine (Abrishami et al., 2010) . However, there is little published information, to our knowledge, on the cryopreservation of testicular tissue in cattle. For the different species, the effects of cryoprotectant on the cryopreservation of testicular tissue could be different, so the study of the cryopreservation of testicular tissue in cattle is necessary. At present, the practical application of this technique in cattle breeding is rare, but with good development of this technology, in the future, it can achieve the long-term preservation of cattle fertility and thus contribute to the breeding and preservation of fine varieties of cattle. In addition, it can protect species diversity. The aim of this study was to test the effects of different CPAs (DMSO, PrOH, glycerol, sucrose) at various concentrations on cell viability, testosterone production, SOD, and MDA of cryopreserved calf testicular tissue.
Materials and methods

Animals
In the study, the testes (n = 16) from eight healthy Qinchuan cattle (8 months) were collected from Qinbao cow farms in Qishan, Shaanxi. The testes were kept in ice-cold phosphatebuffered saline (PBS) supplemented with 5 % penicillinstreptomycin (1000 U mL −1 -1000 µg mL −1 ) at 37 • C and transported to the laboratory within 2 h. All animal procedures were approved by the Institutional Animal Care and Use Committee of Northwest A&F University.
Chemical agents
Unless otherwise stated, all chemicals were purchased from Sigma Chemical Company (St. Louis, MO, USA).
Cryopreservation of cattle testicular tissue
Cryoprotectants were prepared by using Dulbecco's modified Eagle's medium (DMEM) with 20 % fetal bovine serum (FBS) including different CPAs (DMSO, PrOH, glycerol, sucrose) with various volume ratios (2.5, 5, 7.5, 10, 12.5, 15, 17.5, and 20 %; v/v) (Table 1 ). In addition, DMSO was placed in the refrigerator at 4 • C before the tissue samples were exposed to DMSO.
The testes were washed three times with PBS, and testis parenchyma was cut into pieces (1-2 mm 3 ) after removing the epididymis, tunica albuginea, rete testis, and overt connective tissue. The pieces were then placed in a 1.8 mL cryovial containing 1 mL of different types of cryoprotectants. Then the cryovials were stored at 4 • C for 2 h until they reached equilibrium. After this, they were successively stored at −20 • C for 2 h and −80 • C for 12 h. Finally, the cryovials were transferred into liquid nitrogen (−196 • C). All experiments were done with three replicates for each treatment group.
Thawing of cattle testicular tissue
After 7 days of cryopreservation, the tissue was thawed in a water bath for about 2 min at 37 • C until the ice melted. The cryoprotectant was washed immediately with DMEM supplemented with 20 % FBS, and samples were washed repeatedly.
Measurement of cell viability
Single-cell suspensions that were used to evaluate cell viability were prepared by enzymatic digestion. Cell viability was estimated with Trypan blue dye exclusion. After thawing, testicular tissue fragments were exposed to collagenase (1 mg mL −1 in DMEM) at 37 • C for 40 min. The suspension was mixed every 5 min, and full enzymatic digestion was performed. The digested suspension was centrifuged at 1000 rpm for 5 min and the supernatant discarded. Then the suspension was digested by 0.25 % trypsin with 5 % CO 2 in air at 37 • C for 10 min. Trypsin digestion was stopped by adding a 10 % FBS solution, and the cell suspension was filtered through a 400 mesh cell strainer; incompletely digested tissue was removed. The filtrate was centrifuged at 1000 rpm for 5 min, the supernatant discarded, and the pellet resuspended in incomplete DMEM. A unicellular suspension was obtained, was diluted to 1 × 10 6 cells mL −1 , and mixed with 0.4 % trypan blue solution in a ratio of 9 : 1. Each treatment was repeated three times.
Frozen-thawed testicular tissue culture
After thawing, testis fragments were cultured in a culture dish for 24 h at 34 • C in a humidified atmosphere with 5 % CO 2 in the air. The culture media used were DMEM-F12 supplemented with 10 % FBS, 50 U mL −1 penicillin, and 50 mg mL −1 streptomycin, and the tissue was kept at the gasliquid interphase. Cultured tissue was used for later biochemical assays.
Biochemical assays
After spending 1 day in the culture, 10 % testicular tissue homogenates were prepared using the following method. Testicular tissue samples were centrifuged at 1000 rpm for 5 min, and the CPAs were discarded. Then tissue samples were homogenized in PBS (testis : total buffer ratio is 1 : 10) for 5 min. After the homogenate was centrifuged at 2000 rpm for 10 min at 4 • C, the supernatant was obtained and stored at −20 • C for biochemical assays. The content of MDA, the activity of SOD, and testosterone production were detected and analyzed following cryopreservation.
Measurement of testosterone production
Concentrations of testosterone in the culture media were determined by direct immunoassay with the use of an ELISA kit (Diagnostic Systems Laboratories, Inc., Webster, TX) according to the manufacturer's instructions. The standard curve was prepared from the absorbance readings, and the testosterone concentrations of each sample were determined. Each treatment was repeated three times.
MDA
The level of MDA was measured by thiobarbituric acid (TBA). An MDA testing kit (Nanjing Jiancheng Bioengineering Institute, Zhongyang Road, Nanjing) was used. In accordance with the instructions of the kit, MDA content was measured at 532 nm on the spectrophotometer and expressed as nanomole per milligram.
SOD
The activity of SOD was determined by xanthine oxidase; an SOD assay kit (Nanjing Jiancheng Bioengineering Institute, Zhongyang Road, Nanjing) was used. In accordance with the instructions of the kit, SOD activity was measured at 560 nm on the spectrophotometer and expressed as U/mg per milligram.
Statistical analyses
SPSS Statistics 17.0 (SPSS Inc., Chicago, IL, USA) was used for the data analysis. The effects of different CPAs on cell viability, testosterone, MDA, and SOD level were analyzed with a one-way analysis of variance (ANOVA). Pearson's correlation coefficient (r) with P value was used to determine correlation between cell viability, on the one hand, and testosterone production, MDA, and SOD level on the other. Values were given as mean ± SE, and P <0.05 was considered statistically significant.
Results
The effects of different CPAs on cell viability and testosterone production
As shown in Fig. 1 , after the cryopreservation of calf testicular tissue, cell viability and testosterone production were significantly lower than in fresh testicular tissue, and they were significantly affected by the CPA types and concentrations (P <0.05). The optimal concentration of DMSO, PrOH, glycerol, and sucrose was 10, 10, 7.5, and 10 % (P <0.05), respectively. Cell viability and testosterone production decreased significantly at a lower concentration of CPAs, compared to levels at the optimal concentration, as well as at higher concentrations of CPAs. The group treated with 10 % DMSO showed higher cell viability and testosterone production than the groups treated with 10 % PrOH, 7.5 % glycerol, and 10 % sucrose (P <0.05). The group treated with 10 % PrOH had higher cell viability and testosterone production than the groups treated with 7.5 % glycerol and 10 % sucrose (P <0.05). The group treated with 7.5 % glycerol had higher cell viability and testosterone production than that treated with 10 % sucrose. The group treated with 10 % DMSO had higher cell viability and testosterone production than other freezing groups.
The effect of different CPAs on MDA and SOD level
The effects of the different concentrations and types of CPAs on MDA and SOD levels are shown in Fig. 1 . After the cryopreservation of calf testicular tissue, the MDA level increased and the SOD level decreased compared with fresh testicular tissue, but there was no significant difference (P >0.05). In each group of CPAs, the MDA level increased and the SOD level decreased at a lower concentration of CPAs, compared to CPAs at the optimal concentrations, as well as at higher concentrations of CPAs. But there was no significant differ- ence in MDA and SOD levels among different CPAs with various concentrations (P >0.05).
Correlation coefficient
The relationship between cell viability, on the one hand, and testosterone production, SOD, and MDA levels on the other is shown in Table 2 . The cell viability was significantly positively correlated with testosterone production, and the Pearson correlation was 0.939 (P <0.05). However, there was no significant correlation between cell viability and the level of SOD and MDA.
Discussion
This study sought to research the effects of CPA types and concentration on calf testicular tissue during cryopreservation. In the process of cryopreservation, water molecules in the membrane surface and cytoplasmic matrix will be displaced by permeating CPAs, in order to avoid the formation of ice crystals that puncture the cell membrane structure. Nonpermeating CPAs can form a protection layer outside the cell membrane or use carbohydrates to displace the water molecules on the surface of the cell membrane to prevent ice crystal formation and cell membrane damage. DMSO, PrOH, glycerol, and permeating CPAs can protect the structure of the tissue by reducing the freezing point of water, promoting water vitrification, preventing the formation of ice crystals, and reducing the flow across the cell membrane (Fuller, 2004) . Keros et al. (2005) compared the DMSO and sucrose regarding testicular tissue cryopreservation effects and showed that 10 % DMSO could effectively keep the testicular tissue morphological structure and that 6 % sucrose had the worst protection effect. With sucrose as CPA, testicular seminiferous tubule basal parts were seriously injured. DMSO had been found to be a more suitable CPA than ethylene glycol (EG) for immature mouse and rat testis tissue (Goossens et al., 2008; Jezek et al., 2001) . Milazzo et al. (2008) reported that freezing testes with DMSO maintained not only immature testicular tissue architecture but also the viability of testicular cells. Travers et al. (2011) reported that using 1.5 M DMSO as CPA had high cell viability in the cryopreservation of immature mouse testis tissue. Yildiz et al. (2013) reported that DMSO could effectively prevent the formation of ice crystals with a tetrahedral structure and provided a greater protection against freezing with regard to testicular survival rates in the grafted samples compared to PrOH, EG, and glycerol. In this study, the optimal concentrations of DMSO, PrOH, glycerol, and sucrose were 10, 10, 7.5, and 10 % (P <0.05), respectively. The group treated with 10 % DMSO had higher cell viability than the groups treated with 10 % PrOH, 7.5 % glycerol, and 10 % sucrose (P <0.05). The group treated with 10 % PrOH had higher cell viability than the groups treated with 7.5 % glycerol, and 10 % sucrose (P <0.05). The group treated with 7.5 % glycerol had higher cell viability and testosterone production than that treated with 10 % sucrose (P <0.05). Our results agreed with previous reports that, compared with PrOH, glycerol and sucrose, DMSO provided the most protection. From the results it can be seen that the cell membrane permeability of DMSO is best. DMSO can maximize the replacement of water molecules in the cytoplasm, so the formation of ice crystal is difficult, and the cell membrane structure gets effective protection. In the freezing process glycerol and PrOH are not able to effectively displace the water molecules in cells, which form a number of ice crystals that destroy the cellular structure and cause cell death.
Testicular tissue is exposed to the air, causing oxidative stress, resulting in Leydig cell damage (Cao et al., 2004) , and leading to the decrease in the synthesis and secretion of testosterone. After the cryopreservation of testicular tissue, detecting the content of testosterone can be used to evaluate of the survival of the tissue (Keros et al., 2007; Curaba et al., 2011; Gouk et al., 2011) . Yildiz et al. (2013) reported that the DMSO group had similar serum testosterone levels to fresh grafted controls, while serum testosterone levels were significantly lower in the PrOH, EG, and glycerol groups. The results of previous studies, using DMSO for in vitro endocrine and partial exocrine functions in both human (Keros et al., 2005 (Keros et al., , 2007 and mouse immature testes (Milazzo et al., 2008) , were similar to Yildiz et al. (2013) . DMSO may electrostatically interact with membrane phospholipids to provide stabilization (Rudolph and Crowe, 1985; Anchordoguy et al., 1987) . These results indicated that DMSO is the optimal CPA in testicular tissue cryopreservation, and the optimal concentration is 10 %. In this study, our result that the group treated with 10 % DMSO had the highest testosterone production (P <0.05) agreed with previous reports.
Besides the protective potential, CPAs may also have cytotoxicity. Tissue tolerance to CPAs is limited and overexposure may cause damage (Pegg, 2002) . Unni et al. (2012) reported that the higher the DMSO concentrations, the greater the cytotoxicity. Pre-cryopreservation was carried out in immature rat tissue, and the cell death rate was as high as 45 % when the concentration of DMSO was 2.5 M. After evaluation of the toxicity, the optimal concentration of DMSO was 1 M during the immature rat testicular tissue cryopreservation (Unni et al., 2012) . In addition, the higher the temperature, the higher the toxicity of DMSO. In the very low temperature, the cytotoxicity of DMSO is restrained. During thawing, with temperature increasing, the cytotoxicity of DMSO is increased, and thus the cell damage is increased. In this study, with optimal concentration of CPAs, the cell viability and testosterone decreased with the concentration increase (P <0.05). This phenomenon may be associated with cytotoxicity. For example, when DMSO concentration is less than 10 %, DMSO cannot completely displace waters molecules in the testicular tissue cells, which can cause the formation of ice crystals and cell death. When DMSO concentration is greater than 10 %, the cytotoxicity of DMSO is stronger, resulting in cell death. When DMSO concentration is 10 %, DMSO evenly permeates the interior of testicular tissue, replacing the water molecules in the testicular tissue cells and making the formation of ice crystals difficult so as to protect the structure and function of the testis better. Glycerol molecular weight is more than that of DMSO, and its penetration speed is slower. In the process of thawing glycerol cannot seep from the cells quickly. When glycerol is left inside the cell, it can cause chromatin condensation at the periphery of the nucleus, mitochondrial expansion or interruption, and the loss of sertoli cells. When glycerol concentration is greater than 10 %, the amount of glycerol in the cell can cause the cytotoxicity of DMSO to act more strongly and cause cell damage.
Oxidative stress develops in association with an imbalance between reactive oxygen radicals (ROSs) and the antioxidant reserve system. ROSs are the product of normal cellular metabolism. Antioxidant defense mechanisms in the testis are important to protect sperm against ROS. Peroxidative damage is an important factor in sperm function impairment. As is well known, CPAs have different ways of protecting cells from freezing injuries (Honaramooz, 2012) . Scavenging of oxygen free radicals and preventing oxidative stress to the cells (Fleck et al., 2000) seem to be important pathways. MDA is a marker of the level of lipid peroxidation (Vardi et al., 2009) , and SOD is one of the major antioxidant enzymes that protect the male reproductive organs from the harmful effects of ROS (Fujii et al., 2003) . SOD plays an important role in testicular development and spermatogenesis. Gale et al. (2014) reported that biomarkers of oxidative damage or changes in antioxidant metabolism may be useful indicators of the degree of cell damage occurring in oocytes at each stage of cryopreservation. In this study, the results showed that after the cryopreservation of calf testicular tissue, the MDA level increased and the SOD level decreased compared with fresh testicular tissue, but there was no significant difference (P >0.05). These results indicated that CPAs had the ability to scavenge oxygen free radicals and prevent oxidative stress to the cells. When the optimal concentration of CPAs was achieved, the MDA level increased and the SOD level decreased with the concentration increase, but there were no significant differences (P >0.05). This phenomenon may account for the toxicity of high-concentration CPAs, which could lead to decreased cell viability and result in the damage of the cellular antioxidant system and the metabolism.
The synthesis and secretion of testosterone have a close relationship with Leydig cells. When Leydig cells are damaged, testosterone levels drop. Some researchers consider it possible that after the cryopreservation of testicular tissue, the content of testosterone can be used to evaluate the survival of the tissue. In this study, the cell viability was significantly positively correlated with testosterone production (P <0.05). The result indicated that the higher testosterone production, the higher cell viability. In this study, there was a negative correlation between cell viability and MDA level, while there was positive correlation between cell viability and SOD level, but neither was significant (P >0.05). These results may be caused by the large concentration of the two enzymes or may be due to a number of factors affecting the evaluation of enzyme activity.
Conclusions
In conclusion, the cell viability and testosterone production varied among different CPAs with various concentrations. In cattle testicular tissue cryopreservation, compared to glycerol, PrOH, and sucrose, DMSO is the optimal cryoprotectant, and the optimal concentration is 10 %. In addition, the cell viability was significantly positively correlated with testosterone production (P <0.05).
